We document two stylised facts of US short-and long-term interest rate data incompatible with the pure expectations hypothesis: Relatively slow adjustment to long-run relations and low contemporaneous correlation. We construct a small structural model which features three types of randomness: While a persistent monetary policy shock implies immediate identical reactions through the term structure, both a transitory policy shock and an autocorrelated risk premium allow for the sustained decoupling observed in the data. Indeed, we find important impacts and persistence of risk premia and a decomposition of policy shocks judging a larger part as transitory the longer the investment horizon.
Introduction
The expectations hypothesis of the term structure (EHT) represents the most influential theory in explaining linkages between interest rates of different maturities. However, econometric research has notoriously failed in providing evidence for implications derived from the EHT (see e.g. Campbell and Shiller 1991 , Hardouvelis 1994 , Campbell 1995 .
Theoretically, the spread between the long-and short-term rate should have predictive power for future changes of both the short-and long-term rates.
In detail, a positive relation between future changes of short-term rates and the spread exists with a coefficient equal to the maturity of the respective long-term rate. This positive relation is due to the fact that according to EHT, the long-term rate arises as an average of expected future short-term rates. Therefore, an increase in the long-term rate relative to the short rate implies rising future short-term rates. Most econometric investigations do find a significant positive relation but with a coefficient far below what is expected theoretically. Moreover, there is empirical evidence (see e.g. Campbell and Shiller 1991, Hardouvelis 1994 ) that the spread is negatively related to future changes in the long-term interest rate, whereas it is theoretically expected that an increase in the current long rate relative to the current short rate is followed by a positive change in the next period.
Most empirical investigations of the EHT are restricted to assessing the implications either for the short-term rates or the long-term rates. However, analysing the implications for both rates simultaneously is econometrically more efficient. This holds especially when interest rates are non-stationary in the sense that their first differences are stationary, i.e. they follow processes integrated of order one (I(1)). In this case, in a first step one has to test whether the spread is stationary, meaning that long-and short-term rates have to be cointegrated with cointegration vector (1, −1). According to the Granger representation theorem (see Engle and Granger 1987) , a vector error correction model (VECM) exists with the spread as long-run relation. A sufficient condition for stability of such a system is that both variables adjust towards the equilibrium, implying a positive adjustment coefficient for the short-term rate and a negative one for the long-term rate.
Remarkably, this negative relation, which is found empirically, is at odds with the pure EHT.
As a reaction to these empirical difficulties, the pure EHT has been extended by several amendments. Hamilton(1988) as well as Sola and Driffill(1994) allow for stochastic changes in regimes. Another approach is to take into account a time-dependent risk pre-1 mium, which is often modelled by processes with autoregressive conditional heteroscedasticity, see e.g. This line of research significantly contributed to an economic explanation of the empirically observable deviations from the pure EHT. However, the underlying statistical models were not fully structural in the sense that they neglected implications of the theoretical model framework for the covariance matrix of the disturbances. In the present paper, we derive these implications, impose them in the VECM estimation and show that the constraints cannot be supported by the data.
We argue that these rejections are due to an overly restrictive feature implicit in the employed term structure models: In particular, policy shocks to the short rate are treated as fully persistent. It follows that via the averaging of (expected) future short rates in the EHT equation, long rates must be hit instantaneously with identical strength. While such a high cross-correlation implied by the model is not supported by the data, neither can it be empirically justified to treat the short rate as non-persistent (stationary). We resolve this dilemma by including a transitory shock in the monetary policy equation, in addition to the persistent one considered in the existing literature. Thereby, the mean reversion of the transitory part allows for a wedge in the tight EHT linkage. The relative contributions of the two types of shocks can be freely estimated from term structure data.
This clear-cut separation represents a particular advantage of the proposed approach, since impacts and variance shares can be uniquely traced back to each of the structural innovations.
In addition to the risk premium and the persistent policy innovations, the transitory shock introduces a third source of randomness into a system of only two interest rates. This induces non-trivial problems in identifying and estimating the model. For identification purposes, we exploit the heteroscedasticity caused by the shift in variances of interest rates in the early 1980s after the Volcker disinflation period. Estimation is performed 2 through Maximum Likelihood (ML) in the approximate structural VECM derived from the theoretical model equations. Indeed, we find considerable empirical support for the presence of non-persistent policy shocks in the US term structure. The effect gains importance when measured against longer-term bond yields, decoupling from the one-month rate. Furthermore, the estimates reveal sizeable risk premium effects, featuring rising persistence for higher maturities. To begin with, the pure EHT equates the return of a single n-period fixed-interest investment and the overall expected return of a series of n successive one-period investments.
Combined with a maturity-dependent risk premium v (n) t , which is modelled as an autoregressive (AR) process of order one 4 , the linearised form can be written as
In (1) 
According to (2) is uncorrelated with the risk premium shock u (n)
t .
As solution of equations (1) and (2), the VECM representation (up to constant terms) follows as
where
From (3) it follows that the change in the shortterm rate is always positively related to the last period's spread, but with a coefficient far below maturity n. Normally, also the change of the long-term rate is positively related to the spread. Only for small (positive) values of λ n and ρ n this relation may become negative.
The corresponding reduced-form VECM of general lag length p is given by
with adjustment vector α n = (α n1 , α n2 ) , cointegration vector β n = (1, −β n2 ) , vector of white-noise errors w (n) t , 2 × 2 parameter matrices Γ ni in the short-run dynamics and a constant constrained to the cointegrating term. Without imposing the restrictions from the impact matrix of the shocks, the structural system is exactly identified for β n2 = 1 in the sense that there is a one-to-one relationship between {ρ n , λ n } and {α n1 , α n2 }. Nevertheless, besides determining the adjustment coefficients, the theoretical model implies a 5 This is easily derived from equations (16) and (17) in the Appendix. specific structure for the disturbances. In particular, if (3) is a valid representation of the data, it holds that
Given uncorrelatedness as the usual and sensible assumption for structural shocks, the covariance matrix on the right hand side of (5) includes only two unknowns, i.e. the variances, beyond ρ n and λ n that can already be recovered from the adjustment coefficients.
Logically, this implies one restriction on the left-hand-side reduced-form covariance matrix, which contains three distinct entries. It follows that the theoretical model can be tested by checking the validity of the overidentifying restriction. Doing so, we estimate the VECMs by Maximum Likelihood (ML) both with and without the covariance restrictions from (5) (in addition to the α n restrictions and β n2 = 1) and compute the Likelihood Ratio (LR) test statistics.
Our data set consists of monthly observations of US certificate of deposit rates (n = 1, 3, 6 months) and constant maturity bond yields (n = 12, 24, 36, 60, 84, 120 months) obtained from the Fed. The sample begins in 1979(8) 6 with the Volcker chairmanship and ends in 2008 (12) . Figure 1 shows the development of the 1-month, 3-year and 10-year interest rates, giving an impression of the dynamics in the US term structure.
The time series exhibit highly persistent behaviour. This is formally tested with an augmented Dickey-Fuller (ADF) test, where the null hypothesis is given by a unit root, as well as with a KPSS test, where the null hypothesis is switched to stationarity. 7 As can be seen from Table 2 : LR tests on structural covariance restrictions constraints. Thus, the theoretical model seems to be too restrictive when tested against US term structure data especially for longer-term bonds. To illustrate the underlying argument, note that in (3), the monetary policy shock ε (n) t is bound to hit both interest rates with identical strength of 1. The reason is that every shock to the short rate that persists through time (as can be seen from (11) in the Appendix, ignoring q (n) t ) is immediately incorporated in full into the long-rate via the EHT equation (1) . Empirically however, such a high residual cross-correlation is not supported by the reduced-form estimates. Since this empirical cross-correlation between long and one-period rate shocks shrinks for longer maturities, evidence against the null hypothesis becomes harsher.
One possible solution would be to make the policy shock in (2) non-persistent (i.e., transitory), in order to avoid the full impact on expectations of all future short rates. However, this would contradict wide-spread consensus that interest rates are well approximated by I(1)-processes (see Mankiw and Miron 1986) . Indeed, as shown above, neither were we able to reject the null hypothesis of non-stationarity of the one-month rate with an ADF test, nor to retain the reversed null hypothesis of stationarity with a KPSS test. That is, a more sophisticated modelling approach is called for, taking into account all relevant data properties.
Persistent and Transitory Policy
While the model from the previous section succeeded in explaining the adjustment of the interest rates to their spread, it clearly failed to provide an accurate description of the contemporaneous covariance. From the above discussion it can be seen that an appropriate model must feature both, interest rate persistence and mean reverting components in the policy shock. In order to achieve a clear-cut decomposition of these components, we include an additional transitory shock z 9 We stick to the original notation even though the equation is changed by the new shock.
For rendering the additional policy shock truly transitory, its long-run impulse response effect on the short rate must be constrained to zero, considering the whole system interaction. This can be ensured by specifying z (n) t as the first-order moving average (MA) process z
white noise. Then, after the model solution (see the Appendix), the coefficient b n can be assigned the value that meets the zero long-run constraint. Evidently, in this pure MA structure the initial impact of q (n) t would fully cancel out in the following period, restricting the effect of the transitory shock to a single period. To allow for more general and prolonged impulse responses, we let q
From the system (1), (6), we derive the rational expectations solution (see the Appendix for details). The VEC form results as
+ a n ρ n (1+λ n ) a n (1−ρ n −λ n ρ n ) a n λ n ρ n a n (1−λ n ρ n )
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with S(x) := (7) is in VARMA form. Since it is well known that invertible VARMA models can be approximated by higher-order VARs, we will estimate structural VECMs of sufficient order p, as given in reduced form by (4) .
Within this empirical setup, we must ensure that the second policy shock ε (n) 2t is indeed transitory, i.e. that the according impulse responses of the short rate die out in the long run. Johansen (1995) shows that the matrix Ξ of long-run impacts of the reduced-form VECM errors on the endogenous variables takes the form
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with ⊥ denoting the orthogonal complement (thus δ δ ⊥ = 0, where both δ and δ ⊥ have full column rank). In our term structure model, the reduced-form residuals w (n) t are connected to the fundamental shocks e (n) t as in (7) by
Consequently, the long-run impacts of the structural innovations result as Ξ n B n . Specify-
2t as a transitory shock to the policy rate thus amounts to imposing a zero restriction on the (2,2)-element of Ξ n B n . In particular, in our empirical work, this parallels determining b n in the theoretical model as to ensure the above-discussed zero long-run influence on r t .
For the model to be identified, the reduced form must deliver enough information for recovering all structural coefficients. In particular, (7) contains the seven unknown magnitudes λ n , ρ n , a n and b n as well as three variances of the shocks. From a reduced-form VECM as in (4) with β n2 = 1, two adjustment coefficients in α n , two residual variances and one covariance can be obtained. Furthermore, one restriction is set on Ξ n B n . In sum, there is a lack of one piece of information.
We address this problem as follows: In general, the reduced-form covariance matrix acts as a source of information, since it merges the structural impact coefficients and variances in the quadratic form Cov(w (n) t ) = B n Cov(e (n) t )B n following from (9) . Now, suppose a break in structural variances at a specific time in the sample, such that Cov(e (n) t |t ∈ R 1 ) = Cov(e (n) t |t ∈ R 2 ); R i denotes the set of points in time belonging to the ith regime. Then, an extra reduced-form covariance matrix Cov(w (n) t |t ∈ R 2 ) for the second sub-period can be obtained in addition to Cov(w (n) t |t ∈ R 1 ) from the first sub-period. Therefore, the amount of available information would be doubled. Similar identification principles have been described for instance in Sentana and Fiorentini (2001) and Rigobon (2003) .
Reconsidering Figure 1 , it is straightforward to date a volatility shift to the early 1980s, coinciding with the end of the Volcker disinflation period. Accordingly, we specify breaks in the variances of both ε (n) 1t and ε (n) 2t in 1982 (10) . Since it is common sense that the high volatility of interest rates in the first years of the sample was triggered by monetary policy acting, the homoscedasticity assumption is kept for the remaining risk premium shock u (n) t . Thus, we introduce only two additional unknowns as the first two entries on the diagonal of Cov(e (n) t |t ∈ R 2 ), but gain three pieces of information from the second-period reduced-form covariance matrix. Thereby, we achieve exact identification of our term structure model. Economically, while we allow for breaks in the variances of the policy shocks, the systematic part of the reaction function is assumed to remain unchanged. This specification is based on statistical evidence that shifts in the policy parameter λ n proved to be clearly insignificant throughout all models. It seems that even though the Volcker disinflation generated considerably higher interest rate volatility, the fundamental reaction to the current spread does not differ measurably between the regimes. In that latter sense, the use of money and interest targets could be considered as equivalent, see Poole (1970) .
Estimation is again performed by ML. For this purpose, we assume that the innovations are normally distributed within both regimes. This means that unconditionally, a normal mixture distribution applies. The likelihood function is constructed for the approximate structural VECM(p), taking into account all restrictions on the adjustment coefficients, the covariance matrix and the long-run impact matrix. We apply the numerical Newton algorithm to maximise the likelihood over the free parameters λ n , ρ n , a n , b n , the shock variances in both regimes, the constant restricted to the long-run relation with β n2 = 1 and the parameters from the short-run dynamics.
The lag lengths of the reduced-form models are the same as in Table 2 . The large number of lags should appropriately approximate the VARMA dynamics from (7). When estimating the model, we encounter that the AR-coefficients a n are generally insignificant, as can be seen from their t-values in Table 3 . Table 3 : t-values for a n It follows that the transitory policy shock is virtually restricted to a duration of one period. In order to simplify the model and enhance efficiency, we impose a n = 0. The parameter estimates with their standard errors in parentheses for the structural VECM,
equations (16) and (17)) in the Appendix, are presented in Table 4 . This system has the same conditional expectation as the system in (3), but a different structure in the residuals. Columns 2 to 5 in Table 4 show the coefficients estimated from the whole sample period 1979 (8) Obviously, ρ n is rising with n, while λ n is declining (except for the minor increase from seven to ten years). These results are in line with economic intuition: News on risk premia, which drive apart the yields of assets with different maturities, are the more persistent, the larger the difference between investment periods. This is because the fraction ρ of the risk premium that survives until the next period will be the higher the less a single period counts for the whole premium (for example only 1/120 for the ten-year bond); The variance share explained by the risk premium shock is of minor importance for shorterterm interest rates, but rapidly rises until about two thirds for longer maturities. The share in the one-period rate variance is at most 1%. Concerning the policy shocks, it is logically the persistent one that dominates in the long rates. The same holds true for the one-period rate when paired with one of the shorter money market rates in one model.
In contrast, for the cases of longer maturities, the largest part of the one-period rate is judged as transitory. This mirrors exactly the intended effect of driving a wedge into the one-to-one relationship implied by fully persistent shocks to the short end of the term structure. In particular, the rising importance of transitory policy shocks corresponds precisely to the rising evidence against the models with persistent policy innovations only in Table 2 . show that this hypothesis is empirically rejected for US interest rate data, making the implicit assumption of full persistence of policy shocks untenable.
Conclusion
To reconcile the theoretical model with empirical evidence, we introduce an additional policy shock, which is restricted to exert only transitory effects on the short-term rate.
Since the variances of both the persistent and the transitory policy shock are freely estimated, their contributions are determined endogenously. Identification is achieved by exploiting the variance shift in interest rates after the Volcker disinflation period in the early 1980s. We derive the vector EC form from the structural equations and estimate the VECM for US term structure data.
Indeed, we find strong transitory policy effects in the term structure, driving a wedge between the responses of short and long interest rates. As could be expected, this wedge is the more important, the larger the difference in maturities. Furthermore, risk premia persistence is rising for longer-term rates. The estimates of the feedback coefficient in the stylised policy rule confirm that the Fed predominantly picks up information contained in spreads at the short end of the yield curve.
The current approach develops significant insights into the origins of the much-discussed empirical failure of the EHT. Beyond, it paves the way to a more sophisticated handling of the nature of monetary policy impulses to the economy. While we employed a highly stylised small-scale model, including policy shocks of different persistence in fully-fledged macro models appears both feasible and promising. In particular, influences of these shocks on key indicators like inflation and GDP growth could be investigated with respect to the type of policy impulse. We leave this for the agenda of future research.
